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Abstract A finite element nonlinear analysis was con¬ 
ducted on bolted timber joints under lateral loads parallel 
and perpendicular to the grain. The results obtained from 
this analysis were compared with the experimental results 
and calculated values based on the yield theory. The analy¬ 
sis and experiment were performed on double shear bolted 
joints parallel and perpendicular to the grain with steel side 
plates and a slotted-in steel plate. It was found from the 
analysis that the yielding of wood and bolt occurred before 
the overall yielding of the bolted joint. Shear strength of 
bolted joints calculated from the yield theory using the 
embedding yield strength of wood and the yield moment of 
the bolt showed comparatively good agreement with the 
shear strength evaluated by 5% offset of the load-slip curve 
in the experiment and analysis. The shear strength of 
the bolted joint calculated from the yield theory using the 
embedding ultimate strength of wood and the ultimate 
moment of the bolt agreed quite well with the shear 
strength evaluated by the maximum load up to 15 mm slip in 
the analysis. The former, parallel and perpendicular to the 
grain, were 11% and 34%, on average smaller than the 
latter in the experiment. 
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Introduction 

According to the revision of Japanese building codes, the 
damage and ultimate limits of timber joints are of impor¬ 
tance for the seismic design of timber structures. It is known 
that the shear strength of dowel-type joints subjected to 
a lateral force can be estimated using Johansen's yield 
theory. 1 In this theory, the embedding strength of wood and 
the yield moment of the dowel are governing properties for 
determining the shear strength of dowel-type joints. 

The embedding strength of wood and the yield moment 
of the dowel depend on the method of evaluation. Some 
studies 2 have compared the yield and ultimate strengths of 
dowel-type joints calculated by the yield theory and com¬ 
pared them with the experimental results. However, the 
yield theory, based on the assumption that embedding of 
wood and bending of the dowel have stiff-plastic behavior, 3 
does not consider the plastic behavior (e.g., hardening 
of the dowel and embedding of wood) after yielding. The 
embedding stress of wood and the bending moment of 
the dowel, corresponding to the yield and ultimate strengths 
of dowel-type joints, are important factors to be investi¬ 
gated when applying the yield theory. 

The deformation and strength performance of dowel- 
type joints can be predicted by numerical analysis. It is 
known that finite element (FE) nonlinear analysis can 
approximate the load-slip behavior of dowel-type joints 
considering the elastoplastic behavior of wood and dowels. 
Foschi 45 carried out a nonlinear analysis based on the 
theory of a beam on an elastic foundation for some nailed 
joints. Tsujino and Hirai 6 conducted the FE analysis of 
bolted joints based on the theory of a beam on an elastic 
foundation. These studies reported that the prediction 
by nonlinear analysis agreed well with the experimental 
results. Furthermore, nonlinear analysis can examine the 
processes of embedding wood and yielding of the dowel. 

This study examined appropriate application of the 
yield theory using FE nonlinear analysis, considering the 
elastoplastic behavior of both wood and bolt. The FE analy¬ 
sis was carried out on bolted timber joints with steel side 
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Fig. 1. Configuration of bolted 
joint test, d, bolt diameter; GL, 
glued laminated timber 
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plates and a slotted-in steel plate under lateral loads parallel 
and perpendicular to the grain. The bolt used in the bolted 
timber joints had three different strength and stress-strain 
curves. The embedding stress of wood under a bolt shank 
and the moment of bolt axis were obtained from FE analy¬ 
sis, and the method estimating the yield and ultimate 
strengths of bolted joints under lateral loads parallel and 
perpendicular to the grain using the yield theory was 
studied. 


Materials and methods 

Specimen 

Double shear tests of bolted timber joints with steel 
side plates and a slotted-in steel plate were conducted 
on ezomatsu (Picea jezoensis ), todomatsu (Abies 
sachalinensis), and spruce (Picea abies) glued laminated 
timbers. The specimens under lateral loads parallel and 
perpendicular to the grain consisted of three and nine lami- 
nas, respectively. The configurations of the specimens and 
their outlines are shown in Fig. 1 and Table 1, respectively. 
The grade of steel used for the bolt was SS400 according to 
the Japanese Industrial Standard. 9 The bolt was 16 mm 
in diameter (d), obtained from three lots with different 
strengths. In this study, bolts with 480, 530, and 640 MPa 
tensile ultimate strength are called types L, M, and //, re¬ 
spectively. The bolts were arranged parallel to the interface 
of the lamina. The thickness/bolt diameter ratios (I/d) were 
4, 8, and 12. The edge and end distances of specimens under 
lateral loads parallel to the grain were 48 mm (3d) and 
112 mm (Id), respectively. For the specimens under lateral 
loads perpendicular to the grain, the edge distance, height, 
and end distance of the specimens were 160mm (10<f), 
224 mm (14 d) and 400 mm (25 d), respectively. The pre¬ 
drilled hole in the timber was 17 mm in diameter. 


Table 1. Summary of bolted joint tests 


Code 

Loaded direction 
to the grain 

Arrangement of 
steel plate to timber 

Type of 
bolt 

I/d 

ASM 4 

Parallel 

Both sides 

M 

4 

ASL 8 

Parallel 

Both sides 

L 

8 

ASM 8 

Parallel 

Both sides 

M 

8 

ASH 8 

Parallel 

Both sides 

H 

8 

ASL 12 

Parallel 

Both sides 

L 

12 

ASM 12 

Parallel 

Both sides 

M 

12 

ASH 12 a 

Parallel 

Both sides 

H 

12 

ACM 4 

Parallel 

Central 

M 

4 

ACL 8 

Parallel 

Central 

L 

8 

ACM 8 

Parallel 

Central 

M 

8 

ACH 8 

Parallel 

Central 

H 

8 

ACL 12 

Parallel 

Central 

L 

12 

ACM 12 

Parallel 

Central 

M 

12 

ACH 12 a 

Parallel 

Central 

H 

12 

BSM 4 

Perpendicular 

Both sides 

M 

4 

BSM 8 

Perpendicular 

Both sides 

M 

8 

BSM 12 

Perpendicular 

Both sides 

M 

12 

BCM 4 

Perpendicular 

Central 

M 

4 

BCM 8 

Perpendicular 

Central 

M 

8 

BCM 12 

Perpendicular 

Central 

M 

12 


L, 480MPa tensile strength; M. 530MPa; //. 640 MPa; I/d. thickness/ 
bolt diameter ratio 

a From studies by Yasumura 7 and Shuto 8 


Double shear tests 

Lateral loading tests were conducted on bolted timber 
joints with steel side plates and a slotted-in steel plate. 
Glued laminated timber and a steel plate 12 mm thick were 
connected with a bolt 16 mm in diameter. The bolt hole in 
the steel plate was 16.5 mm in diameter. For bolted joints 
with steel side plates, the clearance between the steel plate 
and the timber was 0.5 mm. The bolted joints with a slotted- 
in steel plate had no clearance between the steel plate and 
the timber. The bolted joints under lateral loads parallel 
and perpendicular to the grain were tested, respectively, in 
tension and bending, as shown in Fig. 1. The bending span 
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of loading perpendicular to the grain was 640 mm. The slips 
between the steel plate and the timber were measured with 
two displacement transducers. Tests were carried out at a 
constant rate of 1.5mm/min 10 and terminated when the slip 
became more than 20 mm or when the load decreased to 
80% of the maximum load. 

Finite element analysis 

The nonlinear analysis of bolted timber joints was carried 
out using an FE model. The bolted joint was modeled as a 
rectangular beam on the nonlinear springs corresponding 
to the wooden foundation. The embedding stress- 
displacement relation for the spring was obtained from the 
results of embedding tests of wood. 11 The embedding be¬ 
havior parallel to the grain was assumed to be perfect 
elastoplastic; that is, it behaves linearly up to a embedding 
yield strength and then is constant after the yielding. The 
embedding behavior perpendicular to the grain was ap¬ 
proximated to be a bilinear model that behaves as a linear 
increase up to the yielding and continuously increases after 
yielding. The embedding model parallel and perpendicular 
to the grain is shown in Fig. 2. The elastoplastic behavior of 
the bolt was assumed to be a trilinear model based on the 
tensile tests of the steel bar. 12 The tensile model of the bolt 
is shown in Fig. 3. The rectangular cross section of beam had 
the equivalent plastic section modulus and the geometrical 
moment of inertia of the bolt with the circular cross section. 
The width and height of the beam corresponding to the 
shank 16mm in diameter were 13.7mm and 14.1mm, re¬ 
spectively. In the experiment with bolted joints that had 
steel side plates, part of screw thread touched the bolt hole 
boundary of the steel plate. Therefore, the width and height 


of the beam corresponding to the screw thread were re¬ 
duced, respectively, to 11.8 mm and 12.2 mm, considering 
the smallest diameter of the screw thread (13.8mm). 13 The 
bolt head was clamped during the modeling of the bolted 
joints with steel side plates. With the slotted-in steel plate, 
the bolt head was free to rotate. The boundary conditions of 
the FE model are shown in Fig. 4. The numerical computa¬ 
tions were performed with the FE codes CASTEM 2000. 14 
The stiffness matrix for the beam element in a local coordi¬ 
nate system with an axial force was used in this study. 15 


Results and discussion 

Evaluation method 

The initial stiffness, yield strength, and ultimate strength 
were obtained from the load-slip relation in the experiment 
and the FE analysis. The initial stiffness parallel to the grain 
was determined by the line that goes through the points on 
the curve corresponding to 10% and 40% of the maximum 
load up to 15 mm slip. Perpendicular to the grain, the initial 
stiffness was obtained from the points on the curve corre¬ 
sponding to 10% and 30% of the maximum load up to 15 mm 
slip. The yield strength was evaluated by the 5% offset 
method according to ASTM D5652. 16 With this method the 
original line defining the initial stiffness is moved 5% of 
bolt diameter parallel with the original line toward the X- 
direction, and the intersection of this line and the load-slip 
curve defines the yield strength. The ultimate strength was 
obtained from the maximum load up to 15 mm slip according 
to EN26891. 17 Tables 2 and 3 show the results obtained from 
the analysis and the experiments, respectively. 
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Table 2. Results of finite element analysis 

Code PW PB1 PB2 Py (kN) Dy (mm) Pu (kN) Du (mm) 



P (kN) 

<5 (mm) 

P (kN) 

d (mm) 

P (kN) 

d (mm) 





ASM 4 

35.1 

1.36 

_ 

_ 

_ 

_ 

36.8 

2.22 

36.8 

15.0 

ASL8 

34.9 

1.36 

29.4 

0.940 

39.3 

2.17 

38.9 

1.89 

53.5 

15.0 

ASM 8 

43.9 

1.36 

34.2 

0.974 

45.2 

1.47 

48.6 

2.14 

52.5 

15.0 

ASH 8 

45.6 

1.36 

36.6 

1.01 

50.2 

1.64 

53.7 

2.28 

57.4 

15.0 

ASL 12 

34.7 

1.36 

24.5 

0.870 

41.1 

3.13 

40.1 

2.16 

51.8 

15.0 

ASM 12 

38.1 

1.36 

27.5 

0.862 

50.1 

2.69 

48.0 

2.24 

52.5 

15.0 

ASH 12 

39.7 

1.36 

29.5 

0.887 

53.1 

2.89 

52.1 

2.36 

56.8 

15.0 

ACM 4 

34.5 

1.36 

- 

- 

- 

- 

36.8 

2.25 

36.8 

15.0 

ACL 8 

30.0 

1.36 

26.2 

1.11 

- 

- 

35.1 

1.99 

49.0 

15.0 

ACM 8 

35.7 

1.36 

30.0 

0.965 

- 

- 

39.5 

1.96 

45.1 

15.0 

ACH 8 

38.8 

1.36 

33.9 

1.05 

- 

- 

43.2 

2.07 

47.6 

15.0 

ACL 12 

33.8 

1.36 

31.7 

1.24 

49.2 

5.54 

44.8 

2.42 

58.1 

15.0 

ACM 12 

38.7 

1.36 

32.2 

1.01 

- 

- 

45.3 

2.11 

55.2 

15.0 

ASH 12 

41.1 

1.36 

35.7 

1.08 

- 

- 

48.0 

2.19 

56.4 

15.0 

BSM 4 

17.0 

1.97 

- 

- 

- 

- 

18.2 

2.80 

35.0 

15.0 

BSM 8 

29.9 

1.97 

29.0 

1.88 

36.0 

3.50 

35.0 

3.06 

45.5 

15.0 

BSM 12 

28.1 

1.97 

20.1 

1.21 

33.1 

2.93 

32.6 

2.77 

44.9 

15.0 

BCM 4 

17.0 

1.97 

- 

- 

- 

- 

18.1 

2.80 

35.0 

15.0 

BCM 8 

25.5 

1.97 

24.6 

1.78 

- 

- 

25.9 

2.56 

37.6 

15.0 

BCM 12 

25.0 

1.97 

22.1 

1.54 

- 

- 

27.0 

2.54 

43.5 

15.0 


PW, first yielding of wood; PB1, yielding of bolt at the first position; PB2, yielding of bolt at the second position; P, load; d, slip; Py, yield strength; 
Dy, yield displacement; Pu, ultimate strength; Du, ultimate displacement 


Table 3. Yield and ultimate strengths calculated from the experiment 
and the yield theory 


Code 

P (kg/m 3 ) 

Experiment 

Yield theory 

Py (kN) 

Pu (kN) 

Py (kN) 

Pu (kN) 

ASM 4 

407 

32.4 

34.5 

35.6 

35.6 

ASL 8 

410 

34.7 

52.2 

44.8 

47.5 

ASM 8 

424 

39.0 

55.8 

55.1 

55.8 

ASH 8 

429 

37.7 

60.1 

59.4 

61.9 

ASL 12 

379 

32.1 

48.8 

44.8 

47.5 

ASM 12 

463 

40.5 

65.1 

55.1 

55.8 

ASH 12 

440 

37.5 

66.3 

59.4 

61.9 

ACM 4 

401 

29.8 

33.4 

35.6 

35.6 

ACL 8 

364 

41.3 

52.6 

39.0 

40.2 

ACM 8 

372 

35.3 

53.9 

43.6 

43.9 

ACH 8 

407 

37.7 

60.3 

45.7 

47.0 

ACL 12 

420 

45.8 

61.3 

44.8 

47.5 

ACM 12 

395 

38.5 

56.2 

54.0 

54.3 

ACH 12 

440 

41.0 

66.6 

55.5 

56.4 

BSM 4 

438 

13.9 

25.7 

16.3 

24.4 

BSM 8 

462 

23.9 

53.5 

32.6 

46.1 

BSM 12 

464 

29.2 

62.8 

37.3 

46.1 

BCM 4 

412 

14.3 

28.5 

16.3 

24.4 

BCM 8 

457 

26.8 

59.6 

26.7 

34.2 

BCM 12 

447 

26.9 

61.5 

29.6 

40.1 


p, density; Py, yield strength; Pu, ultimate strength 


Load-slip relation 

Load-slip relations up to 15 mm displacement were ob¬ 
tained from the experiment and FE analysis. The load-slip 
relations of bolted timber joints with bolt type M are shown 
in Fig. 5. The intersection of the initial stiffness on the load- 
slip curve and X-axis is moved to the point of origin. On the 
whole, the initial stiffness obtained by analysis was higher 


than that obtained from the experiment. Flowever, analysis 
of the bolted joints with a slotted-in steel plate predicted the 
experimental results better than that of the bolted joints 
with steel side plates. This may be caused by neglecting the 
bolt hole clearance in the analysis, and the effect of clear¬ 
ance may appear more clearly on the bolted joints with steel 
side plates than those with slotted-in steel plate. The ulti¬ 
mate strengths of bolted joints under lateral loads parallel 
to the grain obtained by analysis agreed well with those 
obtained from the experiment. Perpendicular to the grain, 
the ultimate strength obtained by analysis was about 30% 
smaller than the experimental results when the lid ratios 
were 8 and 12. Figure 5 also shows the load for first yielding 
of nonlinear springs (PW) and the loads for yielding of the 
bolt at the first (PB 1) and second (PB 2) positions obtained 
from the analysis. When the lid ratios were 8 and 12, the 
first yielding of the bolt always occurred at the boundary 
between the steel plate and the wood, and the second 
appeared on inner side of the main member (Fig. 6). 

Shear strength calculated by yield theory 

With the yield theory, the bolted timber joints with the steel 
side plates and slotted-in steel plate have two and three 
yield modes, respectively. A symmetrical single joint in 
double shear is considered. The yield mode depends on the 
hypothesis that the bolt remains straight during yielding, 
and the yield moment of the bolt is reached at one or two 
points. When the bolt has one or two yield moments, equi¬ 
librium equations for bolted joints with steel side plates and 
a slotted-in steel plate, as seen below. 

When the bolt has one yield point (bolted joints with 
slotted-in steel plate): 
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Fig. 5. Load-slip diagrams for 
bolted joints subjected to lateral 
force. Solid lines, experiment; 
circles , FE analysis; PW, first yield¬ 
ing of wood; PB 1, yielding of the 
bolt at the first position; PB2, 
yielding of the bolt at the second 
position 
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When the bolt has two yield points (bolted joints with steel 
side plates and slotted-in steel plate): 


where Fy is the shear strength of bolted joints (N), fe is the 
embedding strength of wood (MPa), My is the yield mo¬ 
ment of bolt (Nmm), l is the thickness of the wood (mm), d 
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is the bolt diameter (mm), and x and y are the lengths as 
shown in Fig. 6. 

The shear strength of bolted joints according to the yield 
theory is expressed as follows from Eqs. (1) and (2). 
Bolted timber joints with steel side plates: 


\fe-l-d 

Fy — min • \ ,- 

[4 ^fe-My-d 


( 3 ) 


Bolted timber joints with slotted-in steel plate: 


Fy — min ■ 


fe-I-d 

fe-I-d 


2 + 


16 My 
fe ■ l 2 d 


( 4 ) 


4 Jfe ■ My ■ d 


The embedding strength showed significant correlation with 
the density. 11 Therefore, the embedding yield and ultimate 
strengths of the wood were estimated from the density of 
the lamina used for the bolted joint tests. In the case of 
bolted joints under lateral loads parallel to the grain, the 
mean density of the lamina was 410 kg/m 3 . The embedding 
yield and ultimate strengths parallel to the grain were 
assumed to be 34.8 MPa based on the maximum load up to 
5 mm displacement. 18 When perpendicular to the grain, the 
mean density of the lamina was 430 kg/m 3 . The embedding 
yield strength was obtained by the 5% offset method. 16 The 
embedding ultimate strength perpendicular to the grain was 
obtained by assuming a bilinear model with the same 
energy dissipated up to 15 mm displacement. The embed¬ 
ding yield and ultimate strengths perpendicular to the grain 
were 15.9 and 23.8 MPa, respectively. The yield and ulti¬ 
mate moments of the bolt were calculated from the yield 
and ultimate strengths obtained by tensile tests on the bolt 
using a plastic section modulus, respectively. The yield 
strength was stress having 0.2% permanent set. 19 The ulti¬ 
mate strength of the bolt was obtained by assuming a bilin¬ 
ear model with the same energy dissipated up to 0.1 strain. 
The yield strength and yield moment of bolt types L, M, and 
H were 330, 500, and 580MPa and 225, 341, and 396Nm, 
respectively. The ultimate strength and ultimate moment of 
bolt types L, M, and H were 370, 510, and 630MPa and 253, 
348, and 430 Nm, respectively. In this study the shear 
strength of bolted joints calculated from the yield theory 
using the embedding yield strength of wood and the yield 
moment of the bolt was assumed to be the yield strength of 
the bolted joints. That, calculated by the yield theory from 
the embedding ultimate strength of wood and the ultimate 
moment of the bolt, was assumed to be the ultimate 
strength of the bolted joints. The result calculated from the 
yield theory is shown in Table 3. 


Embedding stress under the bolt shank 

The embedding stress distribution of wood under the bolt 
shank, corresponding to the yield and ultimate strengths of 


the bolted timber joints, was obtained from the FE analysis. 
Figure 7 shows the embedding stress in bolted joints with 
bolt type M and l/d ratios of 8 and 12. Figure 7 also shows 
the embedding stress calculated from the yield theory. The 
distribution of embedding stress in the yield theory was 
obtained from the values of x and y in Eqs. (1) and (2). In 
the case of bolted joints under lateral loads parallel to the 
grain, the plastic area of embedding obtained from the 
analysis approximated that calculated by the yield theory, 
especially regarding ultimate strength. This means that a 
large part of the wooden foundation exhibits still elastic 
behavior when bolted joints attain yield strength, and the 
stiff-plastic assumption of yield theory can be satisfied in the 
ultimate state. In the case of bolted joints under lateral 
loads perpendicular to the grain, the embedding stress of 
wood shows a continuous increase after the yielding of the 
wood, although the embedding behavior is assumed to be 
stiff-plastic behavior in the yield theory. Therefore, the em¬ 
bedding behavior in bolted joints under lateral loads per¬ 
pendicular to the grain in the analysis did not show good 
approximation with that seen by the yield theory. 


Bending moment of the bolt axis 

The bending moment of the bolt axis corresponding to the 
yield and the ultimate strengths of bolted timber joints was 
obtained by the FE analysis. Figure 8 shows the bending 
moment of bolt type M on bolted joints with steel side 
plates. When l/d ratios were 8 and 12, distances from a 
symmetrical line to the boundary between the steel plate 
and the wood were, respectively, 64 and 96 mm in the bolted 
joints with steel side plates. The yielding of the bolt at the 
first and second positions are also shown; that is, the first 
yielding of the bolt appeared at the boundary between the 
steel plate and the wood, and the second appeared at the 
inner side of the main member. The yielding position with 
the largest strain at the inner side of the main member 
moved toward the steel plate as the load increased. For 
bolted joints under lateral loads parallel to the grain, the 
distance between the first and second positions of yielding 
by the bolt was close to the effective embedding length (y) 
obtained from Eq. (2) on the ultimate strength of bolted 
joints, as shown in Figs. 7 and 8. 


Yield and ultimate strengths 

The yield strength of bolted timber joints was compared 
with the maximum values PW, PB 1, and PB2 based on the 
FE analysis, as shown in Fig. 9. Regardless of the joint type 
and the loading direction, the maximum value agreed with 
the yield strength obtained from the analysis. This means 
that the yielding of bolted joints corresponds to the state 
where both wood and bolt yield. 

The yield and ultimate strengths of bolted joints 
obtained from the experiment and analysis were compared 
with those calculated from the yield theory, as shown in 
Fig. 10. The yield and the ultimate strengths obtained 
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Fig. 7. Embedding stress distribu¬ 
tion under the bolt shank. Py, 
yield strength; Pu, ultimate 
strength; solid line , results of FE 
analysis; broken line, results calcu¬ 
lated from yield theory 




Distance from symmetrical line (mm) 


Fig. 8. Moment distribution in 
bolt axis. Py, yield strength; Pu, 
ultimate strength; solid line, re¬ 
sults of FE analysis; open circles, 
yielding positions with largest 
strain 
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Yield strength (kN) 

Fig. 9. Relations between maximum values among PW, PB 1, and PB2 
and yield strength obtained by FE analysis. Open squares, joints paral¬ 
lel to the grain with steel side plates; open triangles, joints parallel to 
the grain with slotted-in steel plate; filled squares, joints perpendicular 
to the grain with steel side plates \ filled triangles, joints perpendicular to 
the grain with slotted-in steel plate 


from the analysis agreed well with those calculated from the 
yield theory. The experimental yield strength was close 
to the yield strength calculated from the yield theory, 
and the experimental ultimate strength was 0%-74% 
larger than the ultimate strength calculated from the yield 
theory. 


Conclusions 

Based on the FE nonlinear analysis of bolted timber 
joints, it was found that the yielding of the bolt first appears 
at the boundary between the steel plate and the wood 
and then on the inner side of the main member. The maxi¬ 
mum values among the loads for first yielding of the nonlin¬ 
ear spring and yielding of the bolt at the first and second 
positions approximates the yield strength evaluated by 
the 5% offset method from the load-slip relations in the 
analysis. 

The yield strength of bolted joints calculated by the yield 
theory from the embedding yield strength of wood and the 
yield moment of the bolt agrees well with the yield strengths 
of bolted joints evaluated by the 5 % offset method from the 
load-slip relations in the experiment and analysis. The ulti¬ 
mate strength of bolted joints calculated by the yield theory 
from the embedding ultimate strength of wood and the 
ultimate moment of the bolt is close to the ultimate strength 
of bolted joints evaluated by the maximum load up to 



Results calculated from yield theory (kN) 



Results calculated from yield theory (kN) 


Fig. 10. Comparison of results of the experiment and FE analysis with 
results calculated based on the yield theory. Py, yield strength; Pu, 
ultimate strength; open circles, experimental results parallel to the 
grain; open diamonds, experimental results perpendicular to the grain; 
filled circles, results parallel to the grain by FE-analysis; filled dia¬ 
monds, results perpendicular to the grain by FE analysis 


15 mm slip in the analysis. The ultimate strength for the 
yield theory underestimates the ultimate strength of bolted 
joints evaluated by the maximum load up to 15 mm slip in 
the experiment. 

The FE nonlinear analysis in this study showed that the 
yield and the ultimate strengths of bolted timber joints can 
be estimated by the yield theory when the appropriate 
embedding strength of wood and the bending moment of 
bolt are applied. 
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